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Al
plants require large amounts of nitrogen for normal growth. Yet

very few soils contain enough native nitrogen to sustain high yields

in most crops; legumes are an exception. Agriculturalists have known
for many years that the yields of nonlegumes usually increase when

nitrogen from legumes and animal wastes is added to the natural levels

stored in soil organic matter. Only within recent decades have large

supplies of man-made inorganic nitrogen fertilizers become available

at prices attractive to farmers in developed countries.

Modern agriculture now relies heavily on commercial nitrogen fer-

tilizer. Without it, crop production would decline drastically and food

prices would soar. Growers and managers have long been interested in

management practices that promote maximum absorption of nitrogen

fertilizer during plant growth. Improving uptake would of course reduce

the amount of nitrogen lost into drainage water or as a gas into the

atmosphere.

Until recently the incentive for efficient nitrogen management was

economic. In the late 1960's and early 1970's, however, many people who
had become concerned about the quality of the environment questioned

the possible effects on human and livestock health when large amounts of

nitrate-nitrogen leach into drinking water supplies (Deeb and Sloan,

1975). Also, some environmentalists postulated that high levels of ni-

trate in lakes and ponds would promote excessive growth of aquatic

plants. Decomposing plants might then deplete the w-ater of oxygen,

leading eventually to stagnation, fish kills, and the eutrophication or

"death" of impounded waters.

Having become energy-conscious during the mid-1970's, many seg-

ments of society are also now aware that the supply of natural gas, used

in large quantities to make nitrogen fertilizer, is not limitless. One means

of conserving this natural resource is to increase the efficiency of nitro-

gen fertilizer applied to crops. Concern for improving water quality, con-

serving fuel, and containing crop production costs led to the research

reported here.

This report, part of a larger study of nitrogen in the environment,

examines the agricultural need for nitrogen, its use, and its behavior

when added to the soil. The effect of nitrogen on crop yields, the nitrate

content of water draining from agricultural soils, and possible ways <>t

reducing the amount of leached nitrogen are discussed. A better under-

standing of nitrogen behavior will, the author hopes, encourage efficient

nitrogen management practices.
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NITROGEN AND ITS USES

Nitrogen, a colorless, odorless, tasteless gas, is present in the atmo-

sphere in larger quantities than any other gas, occupying about 79 per-

cent of the air by volume and 75 percent by weight. Above each acre

of land the air contains about 35,000 short tons of nitrogen (78,400

metric tons/ha), none of which can be used directly by plants. Before

becoming available to plants, atmospheric nitrogen must first be com-

bined with oxygen or hydrogen.

Required in large amounts by all plants and animals, nitrogen is

an essential part of the amino acids from which proteins are formed.

Man and ether animals obtain proteins, which are about 16 percent

nitrogen, directly or indirectly from plants.

For our purposes here, crop plants are broadly divided into legumes
and nonlegumes. Legumes, such as soybeans, clover, alfalfa, peanuts, and

peas, in association with certain bacteria have the ability to use or "fix"

nitrogen from the air. Under the proper conditions, the roots of legumes
are invaded by beneficial bacteria of the genus Rhizobium, which multi-

ply and stimulate the root to form nodules. The bacteria-legume associ-

ation is symbiotic: through photosynthesis the plant produces food,

some of which is translocated to the roots and used by the bacteria; in

turn the bacteria in conjunction with the legume add hydrogen to atmo-

spheric nitrogen to produce ammonium, a form of nitrogen that the plant

can then use.

Most nonlegumes, on the other hand, lack the ability to convert at-

mospheric nitrogen into a useable form. The amount of nitrogen avail-

able to nonlegumes can be increased by adding nitrogen fertilizers and

manure and by growing legumes before nonlegumes. The nitrogen com-

bined with hydrogen and stored by legumes as proteins becomes avail-

able to other crop plants when decomposing legumes release nitrogen.

In the commercial manufacture of nitrogen fertilizers, atmospheric

nitrogen (N 2 ), consisting of two nitrogen atoms with an exceptionally

strong chemical bond, must first be broken up. The large amount of

energy necessary for this process is supplied by fossil fuel. The nitro-

gen is then combined with hydrogen to form anhydrous ammonia

(NH8 ), in itself an effective fertilizer. Through further processing, the

nitrogen combined with oxygen and other elements can be converted into

other useful types of fertilizer, such as ammonium nitrate and urea.

During thunderstorms, lightning (electricity) causes atmospheric

nitrogen and oxygen to combine. Rainfall brings these nitrogen oxides

to the soil, where they become available for plant use. In terms of crop

needs, the amount of nitrogen entering the soil this way is small, only



NITROGEN USE AND BEHAVIOR 5

5 to 13 pounds per acre (6 to 15 kg/ha). This amount may, however,

significantly affect the nitrogen content of rivers and lakes. It should be

pointed out that the nitrate ion is the same regardless of its source, and

hence is a potential water pollutant whether it comes from precipitation,

sewage, fertilizer, biological fixation, or industrial wastes.

The Nitrogen Cycle

Because nitrogen tends to return to the air, the supply is in no

danger of being depleted by nitrogen-fixing legumes or by the manufac-

ture of fertilizer. Coming from the atmosphere, nitrogen is cycled

through plants, animals, and the soil, and eventually returns to the at-

mosphere (Figure 1). During this cycle, nitrogen undergoes a number

of chemical changes through biological or industrial processes, but the

atmospheric supply is always abundant.

Some of the nitrogen from precipitation, organic or inorganic fer-

tilizers, and legumes is taken up by crops, which in turn are consumed

by livestock and humans. When plants and animals die and decompose,

proteins are broken down into ammonium (NH4
+
), a form that can be

used again by plants. Through a process called nitrification, nitrifying

bacteria in the soil convert ammonium to nitrite (NO2~) and then to

nitrate (NO 3~), a form that is also available to plants. This phase of

the nitrogen cycle may repeat itself many times, or it may be interrupted

by other organisms, called denitrifying bacteria, that change nitrogen

back into its gaseous state. In this state nitrogen returns to the atmo-

sphere to begin the cycle anew.

Some of the nitrate not absorbed by plants may, however, leach and

thus find its way into shallow farm wells, ponds, lakes, streams, and

groundwater. If heavily laden with nitrate, this water can contaminate

drinking water supplies and stimulate the excessive growth of aquatic

plants (Dickey and Lembke, 1978).

Nitrogen in the Soil

The plow layer of mineral soils may have as little as 500 pounds to

more than 5,000 pounds of nitrogen per acre (560 to 5,600 kg/ha).

About 95 percent of the nitrogen is contained in organic matter, but

cannot be used by crops until it mineralizes, that is, converts from

organic to inorganic forms. The first product of mineralization is am-

monium (NH4+). Although very water soluble, it does not readily leach

from the root zone, because the positively-charged ion is held by the

negatively-charged clay and humus. Some ammonium does leach in

sandy soils.
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Only a temporary form of soil nitrogen, ammonium is converted by

nitrifying bacteria to nitrite (NO2~) and then to nitrate (NO3~), also

a water-soluble form. Unlike ammonium, the negatively-charged nitrate

is not held by clay, but leaches from the root zone when rainfall exceeds

the rate of evapotranspiration. Nitrate may enter groundwater or appear
in lakes and streams. Nitrate and ammonium may both be removed from

soil by plant absorption. This process of converting nitrogen from an in-

organic to an organic form is called immobilization.

Nitrate may also be lost by denitrification. In wet soils, which are

low in oxygen, denitrifying bacteria use oxygen from the nitrate. Trans-

formed to a gaseous state, nitrogen can then escape into the atmosphere,
where it cannot of course be used by plants. Some studies indicate that

10 to 30 percent of the nitrogen fertilizer added to crops may be lost in

this way (Broadbent and Clark, 1965). But denitrification can be help-

ful as well as harmful. For example, leached nitrate entering more

anaerobic zones deeper in the soil may be denitrified before being carried

into groundwater or lakes and streams. Still other ways nitrogen may be

lost are by erosion and surface water runoff, although in these instances

the nitrogen will usually be in organic rather than in soluble, inorganic

forms. An exception occurs when surface-applied nitrogen is not in-

corporated on slopes, especially when the soil is frozen; in this case

soluble, inorganic nitrogen losses due to runoff may be significant.

Fertilizers differ from some other materials commonly considered

pollutants (Kurtz, 1970). For instance, garbage and sewage are some-

times applied to soil as a means of disposal, and certain man-made chem-

icals not ordinarily found in nature are applied to destroy weeds, insects,

and diseases harmful to crops. Fertilizers, on the contrary, contain only

chemical elements already present in soils. As Kurtz explains: "The

problem of pollution from fertilizer, then, does not come from some new
kind of exotic chemical that is just recently being added to the environ-

ment. The concern about pollution from fertilizer comes rather from

problems that may result from an increase in the amount of plant nu-

trients in soils, waters, and streams. The problem is largely one of

amount rather than the kind of substances being added."

Organic Versus Commercial Nitrogen

Farmers have traditionally relied on manure as a good source of plant

nutrients. In 1905 a large supply of manure came from the 1.5 million

horses and mules used as work animals on Illinois farms. Farmers need-

ed to dispose of the manure, so they spread it on their fields. Until about
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Table 1. Effect of Manure on Corn Yields

Averaged for Four Years at Twenty
Locations in Illinois, 1939-1942

Treatment* Increase from

Qb MC manure

Corn yield, bu/A (q/ha)

Aledo.. . 85 (53) 112 (70) 27 (17)
Carlinville 54 (34) 88 (55) 34 (21)

Carthage 62 (39) 86 (54) 24 (15)

Clayton 59 (37) 77 (48) 18 (11)
Dixon 69 (43) 96 (60) 27 (17)

Elizabethtown.. . 13 (8) 42 (26) 29 (18)
Enfield 12 (8) 37 (23) 25 (16)

Ewing 19 (12) 34 (21) 15 (9)

Hartsburg 72 (45) 87 (54) 15 (9)

Joliet 49 (31) 64 (40) 15 (9)

Kewanee... . 77 (48) 102 (64) 25 (16)
Lebanon 53 (33) 106 (66) 53 (33)
Minonk 85 (53) 100 (63) 15 (9)
Mt. Morris 65 (41) 91 (57) 26 (16)
Newton 7 (4) 25 (16) 18 (11)

Oblong. . . 26 (16) 51 (32) 25 (16)

Oquawka 33 (21) 50 (31) 17 (11)

Raleigh 12 (8) 29 (18) 17 (11)

Sparta 9 (6) 23 (74) 14 (9)
Toledo 34 (21) 46 (29) 12 (8)

Average 45 (28) 67 (42) 22 (14)

Although yields are for 1939 to 1942, the treatments were
generally started between 1910 and 1920, depending on the loca-

tion. The most common rotation was a four-year system that in-

cluded legumes.
b In treatment all above-ground plant material was removed

and not returned to the soil.
c In the manure treatment (M) the feed grain and all the hay

and stover (cornstalks and small-grain straw) were removed and
used for livestock feed and bedding, with the manure thus pro-
duced returned to the soil.

thirty years ago, when tractors all but replaced animal power, Illinois

growers depended almost entirely on manure and legumes to supply

nitrogen for nonleguminous plants. Although farmers who have large

numbers of livestock still use the manure, today many Illinois farms have

no livestock and hence no manure.

Studies by Bauer et d. (1945) indicate that corn yields at twenty
locations in Illinois increased significantly when manure was added to

the soil (Table 1). The smallest increase was 12 bushels per acre (8

q/ha) at Toledo, and the greatest increase was 53 bushels per acre (33

q/ha) at Lebanon. The average increase in yields for the twenty locations

was 22 bushels per acre (14 q/ha). Because manure contains several es-
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Table 2. Effect of Manure and Fertilizer on
Continuous Corn Yields Averaged for Four

/ears, A/edo, Illinois, 1963-1966
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Table 3. Continuous Corn Yields With 100 Pounds
of Nitrogen per Acre Being Supplied Annually by

800 Pounds of Dried Blood, Davenport
Plots, Urbana, Illinois

Soil treatment Increase

LNPK> LPK from

Corn yield, bu/A (q/ha)

1903
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Table 4. Effect of Fertilizer Nitrogen on Yields of First-Year Rotation Corn
After Hay or Wheat at Ten Research Fields in Illinois, 1943-1948
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Figure 2. Fertilizer nitrogen
used in the United States and
in Illinois, 1930 through 1977.

Illinois applies almost 10 per-
cent of the national amount.

1930 1940 1950 1960 1970 1977

Yield-increase data from these and other earlier studies were en-

couraging; interest in commercial nitrogen fertilizers mounted. Since

1950, when Illinois growers added an average of only 3 pounds of nitro-

gen per acre (3 kg/ha) to corn, application rates for some growers have

leaped to more than 200 pounds per acre (224 kg/ha) in the 1970's.

NITROGEN IN CORN AND SOYBEAN PRODUCTION

Since the end of World War II there has been a spectacular increase

in the use of commercial nitrogen fertilizer (Figure 2). In 1930 the

United States used 378,000 tons of nitrogen, only 865 tons of which was

used in Illinois (343,000 and 785 metric tons). In 1977 the amounts

stood at 10.7 million tons for the United States and a little less than 1.0

million tons for Illinois (9.7 and 0.9 million metric tons). In 1966 and

1967 Illinois used more than 10 percent of the national amount; since

that time Illinois usage has dropped to slightly less than 10 percent.

Illinois usually uses more nitrogen fertilizer than any other state.

Corn-to-Nitrogen Price Ratio

About 90 percent of the nitrogen used in Illinois, a major corn-

producing state, is applied to corn. Using large amounts of nitrogen
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fertilizer has been economically feasible in recent years because of the

favorable price of corn in relation to the price of nitrogen (Figure 3).

From 1970 to 1975 one bushel of corn, weighing 56 pounds (25 kg),

would purchase an average of 32.3 pounds of nitrogen (14.7 kg). This

was not always the case: from 1900 to 1905 one bushel of corn would

purchase only 2.9 pounds of fertilizer nitrogen (1.3 kg). The nitrogen

purchasing power of corn improved over the years as corn prices went

up and nitrogen prices went down. In 1917 one pound of nitrogen cost

34 cents, dropped to 5 cents from 1969 to 1973, but climbed back up to

11 cents in 1974 and 16 cents in 1975. Currently, one bushel of corn

will buy about 17 pounds of fertilizer nitrogen (7.7 kg).

Relationship Between Nitrogen and Crops

NITROGEN CONTENT OF CORN GRAIN

As corn grows and matures throughout the spring and summer, ni-

trogen taken from the soil is stored in various parts of the plant. At

the time of harvest, the grain contains about 70 percent of the nitrogen

in the above-ground parts. Because of its direct relation to protein con-

tent, the nitrogen content of corn has interested scientists for a long
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time. In this study, knowing how much nitrogen is contained in corn

grain is especially important in trying to account for the nitrogen

fertilizer removed from the soil in relation to the amount added.

To determine the percentage of total nitrogen in corn, 573 grain

samples were collected from experimental plots at five locations where

commercial corn variety trials were being conducted (Boone and Welch,

1972). All of the plots were fertilized with enough nitrogen to produce

high yields. Calculations for nitrogen content were based on 15.5 percent

moisture in the grain.

The frequency distribution for the percentage of nitrogen in corn

grain is given in Figure 4. The highest percent nitrogen in any of the

samples was 1.73; the lowest, 1.08. Of the 573 samples, 80.5 percent con-

tained between 1.22 and 1.49 percent nitrogen. The average was 1.38

percent, or 0.77 pounds of nitrogen per bushel of corn (0.35 kg/25 kg).

This value is lower than values reported in some textbooks (e.g., Tisdale

and Nelson, 1975), but agrees closely with Barber and Olson (1968).

The 1.38 percent nitrogen is equivalent to 8.6 percent protein.

NITROGEN REMOVED BY SOYBEANS

Soybean production is second only to corn in Illinois. To assess how
this important crop influences the nitrogen status of Illinois soils, John-
son et al. (1975) conducted a study to determine how much nitrogen

soybeans obtain from fertilizer, from soil, and from symbiotic fixation.

For this purpose we used two soybean strains of the same variety, a

normally nodulating strain and a specially bred non-nodulating strain.

The non-nodulating soybeans could obtain nitrogen only from fertilizer
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and soil, whereas the nodulating strain could also symbiotically fix nitro-

gen from the atmosphere. Each strain was grown with and without added

fertilizer nitrogen. To trace and measure the amount of fertilizer nitro-

gen absorbed by the two strains, we used labeled fertilizer, "N, which is

"heavier" than the 14N commonly found in fertilizer and soil.

When no fertilizer nitrogen was added, fixation provided 48 percent

of the nitrogen used by soybeans; the soil provided 52 percent (Figure

5). As the fertilizer rate was increased, the amount of nitrogen from

fixation decreased. When 200 pounds of fertilizer per acre was added

(224 kg/ha), only 10 percent of the total nitrogen came from fixation.

The added fertilizer merely caused a shift in the amounts of nitrogen

used from different sources. As shown in Table 5, nitrogen fertilizer did

not appreciably increase the total nitrogen in soybeans (grain plus above-

ground stover) or significantly affect yield.

The data indicate that nitrogen is symbiotically fixed only if needed

by the soybeans. Nitrogen-fixing bacteria are active when soil nitrogen

is low and relatively inactive when it is high. Thus the bacteria-soybean

complex does not add excessive amounts of unused nitrogen to the en-

vironment. Furthermore, fertilizer nitrogen added for nonlegumes
but not removed by them will be absorbed by soybeans.

As indicated in the Johnson study (1975), each 60-pound bushel

of soybean grain contains 4 pounds of nitrogen, 1.48 pounds of which

is the net amount removed from the soil (27, 1.81, and 0.67 kg, respec-

tively). The following steps, which include only the above-ground por-

tion of the plant, show how this net amount is calculated:

Nitrogen in plant

In grain 76% of the total, or 4 Ib/bu

In stover 24% of the total, or 1.26 Ib/bu

Source of nitrogen in plant

From fixation 48%
From soil 52%

Net removal of nitrogen from the soil is equal to removal of soil nitrogen

by the grain minus symbiotically fixed nitrogen added to the soil by
stover. Thus:

Nitrogen removed from soil by grain. . .52% X 4 Ib/bu
= 2.08 Ib/bu

Fixed nitrogen added to soil by stover . . .48% X 1.26 Ib/bu
= 0.60 Ib/bu

Net nitrogen removed from soil = 1 .48 Ib/bu

This net removal value is only a guideline for Illinois soils. For a soil

low in plant-available nitrogen, symbiotic fixation would be high, so that

the net removal of soil nitrogen would be lower than the 1.48 pounds per
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Table 5. Effect of Fertilizer Nitrogen on Soybean
Yields and Nitrogen Content of Grain Plus

Above-Ground Stover, Urbana, Illinois

Fertilizer N,
Ib/A (kg/ha)
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Figure 6. The amount of nitrogen
added for selected crops and re-

moved by grain in Illinois, 1950

through 1977.

(44.0 versus 3.4 kg/ha). At that time nitrogen was supplied primarily

by legumes, manure, and soil organic matter rather than by commercial

nitrogen. Since 1964 more nitrogen is added than is removed (Figure

6C). The discrepancy was especially pronounced during 1970, when

corn yields were low because of Southern corn leaf blight; only 51 per-

cent of the added nitrogen was removed. Again in 1974 the amount re-

moved dropped because frost, striking a month early over much of the

state, adversely affected yields.

From the data in Figure 6C it might be concluded that Illinois grow-
ers are applying too much fertilizer, but from an economic perspective

this conclusion is risky. The optimum amounts of nitrogen that should be
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added can only be determined by research. Nevertheless, from an en-

vironmental viewpoint these data do suggest that more fertilizer nitrogen

is likely to have left the field in water in 1970 than in 1950.

The balance for wheat is considerably more favorable environ-

mentally than it is for corn. In recent years there has not been much dif-

ference between the amount of nitrogen added and the amount removed

in the grain (Figure 6A). In 1971, 1973, 1974, and 1976 more nitrogen

was removed than was added.

For soybeans, the net nitrogen removed has usually exceeded that

added by about 45 pounds per acre (50 kg/ha) during the past decade

(Figure 6B). As discussed in the previous section, adding nitrogen fer-

tilizer has virtually no effect on soybean yields, and growers add little or

no nitrogen. Some of this net nitrogen removed in recent years has un-

doubtedly come from the nitrogen added for corn but not absorbed by

it; soybeans are often planted after corn in Illinois.

NITROGEN USE AND CORN YIELDS

Corn and soybeans occupy far larger acreages than any other agro-

nomic crops in Illinois. Because soybeans receive almost no commercial

nitrogen and corn receives a great deal, acreage shifts from soybeans
to corn and vice versa can cause rapid changes in the total nitrogen used

in the state.

Although the increase in both per-acre corn yields and per-acre nitro-

gen application since 1950 has been striking, corn yields have generally

not increased as rapidly as nitrogen application (Figure 7). Yields have
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about doubled, but per-acre nitrogen use has jumped by as much as

fortyfold. In 1973 average per-acre corn yields were 103 bushels with

116 pounds of nitrogen applied (65 q/ha and 130 kg/ha), up from the

1950 averages of 51 bushels of corn and 3 pounds of nitrogen (32 q/ha
and 3.4 kg/ha). Between 1950 and 1973 corn became increasingly de-

pendent on fertilizer nitrogen as acreages of legumes other than soy-

beans declined and the percentage of farms with livestock, which sup-

plied manure, dropped off.

Carriers of Nitrogen Fertilizer

Regardless of the form in which nitrogen is first applied, nitrate is

the end product of any nitrogen fertilizer that remains in the soil for a

period of time. When not taken up by the crop, nitrogen in the nitrate

form is a potential contaminant if it leaches into water. But nitrate may
be lost by denitrification as well as by leaching, so a low recovery of

fertilizer nitrogen by plants does not necessarily mean that high leaching

with subsequent adverse effects on water quality has occurred. Either

leaching or denitrification may explain the loss if yields are low when

a less efficient form of nitrogen has been properly applied. We are

interested in minimizing losses so that a specified yield can be produced
with less nitrogen, thus improving economic return and reducing un-

wanted effects on the environment.

Commercial nitrogen fertilizer is available in several forms: nitrate

(NO3~), ammonium (NH4+), or compounds such as urea (CO(NH2 ) 2 )

and anhydrous ammonia (NH3 ); these latter two compounds form am-

monium soon after application. Unlike nitrate, which is an "unprotected"

form of nitrogen, ammonium is considered "protected" because it is not

lost by leaching or denitrification. If, however, the ammonium-produc-

ing fertilizers are not properly managed, some nitrogen may be lost

to the atmosphere. Ammonium (NH4 ) and ammonia (NH3 ) occur to-

gether in aqueous solution, the proportion of each depending on the pH,
with the ammonia portion increasing as pH increases. The ammonia

form, a gas, may be lost to the atmosphere when urea is applied but not

incorporated into the soil by tillage or rainfall. Ammonia may also escape

from the anhydrous form if the soil slit from the applicator knife is not

sealed or if the ammonia is not placed deep enough in the soil.

Compared with ammonium nitrate, urea has advantages but also po-

tential disadvantages. Fifty percent of the nitrogen in ammonium ni-

trate (NH4NO3 ) is present as nitrate (NO 3-), part of which may be

lost shortly after application when conditions favor leaching and de-

nitrification. Urea (CO(NH2 ) 2 ), on the other hand, hydrolyzes to form

ammonium carbonate but then must be nitrified before nitrogen can be
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Figure 8. Effect of spring-applied urea Figure 9. Corn yields with urea and
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lost. Urea would seem to have the advantage because of this delay before

it might be lost. The potential disadvantage of urea is that the am-

monium carbonate formed from urea after hydrolysis increases the soil

pH around the urea granule, the elevated pH favoring the loss of ni-

trogen as ammonia gas. Volatilization can be easily prevented, however,

by incorporating urea into the soil soon after application. The effective-

ness of early incorporation was borne out in studies at DeKalb and

Dixon, Illinois, by Mulvaney et al. (1976), who determined that urea

and ammonium nitrate were equally effective in increasing corn yields

(Figures 8 and 9).

In the DeKalb study, application was by fall incorporation, spring

preplant incorporation, and sidedressing, which is done after plants

emerge. The results of spring preplant incorporation, not shown in Fig-

ure 9, were similar to those for sidedressing. With fall application the

ammonium formed by urea might have been expected to persist longer

than that from ammonium nitrate, but such was not the case, judging

by the equal yields obtained with the two nitrogen fertilizers. Apparently
urea hydrolyzed and nitrified rapidly enough so that there was no differ-

ence in the amount of nitrogen lost from the two fertilizers. Corn yields

were significantly lower with fall application than with sidedressing, an

indication that considerable amounts of nitrogen from both fertilizers

were lost during winter or early spring. Mulvaney et al. had no way of
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determining in their study if the loss was from leaching or from

denitrification.

Unlike the methods used at Dixon and DeKalb, the methods in a

third study at Dixon Springs included leaving plant residues on the

soil surface and not mechanically incorporating the fertilizer (McKib-
ben, 1975). At Dixon Springs corn was planted in tall fescue with no

tillage except for that in the rows made by the planter. Considerable

plant material was present during spring preplant and sidedress appli-

cations of nitrogen, with the result that some urea granules lodged on

this material. Under these conditions, nitrogen in the urea form is more

likely to volatilize than the nitrogen from ammonium nitrate. Volatiliza-

tion is presumed to be the reason that urea was noticeably less effective

than ammonium nitrate in increasing corn yields. Otherwise, the amounts

of nitrogen lost through leaching and denitrification are likely to be

similar for these two fertilizers.

Cropping Systems and Nitrogen Needs

With the upsurge of commercial nitrogen manufacture and use, crop-

ping systems have undergone significant changes in recent decades. Illi-

nois growers used to rely heavily on symbiotically fixed nitrogen to help

supply the nitrogen needs of nonlegumes. Cropping systems were often

three- to six-year rotations that included one or more years of alfalfa,

clover, or other forage legume. A crop such as corn with a high nitrogen

requirement followed the legume, which was used as forage for the live-

stock raised on most farms. Farms thus had two sources of nitrogen -

manure and forage legumes whereas today many growers have neither.

Factors other than nitrogen must also be considered when evaluat-

ing yield increases. Crop rotation, for example, may do much more than

change the nitrogen status of the soil. By altering the field environment,

rotations may discourage certain diseases and weeds that tend to persist

from one year to the next when continuous corn is grown, although it

should be kept in mind that rotations sometimes aggravate other pest

problems. Rotations may improve the physical condition of the soil,

thereby promoting infiltration and availability of water for crop use.

Soil erosion can be controlled somewhat by rotation, although the degree

of control depends on the amount of plant cover from a particular crop

and the changes it encourages in the physical properties of the soil.

CONTINUOUS CORN VERSUS CORN-SOYBEANS

To illustrate the influence of the cropping system on yields. Mulvain-v

et d. (1976) studied several rotations at El wood, Illinois, from W/
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through 1975. They found that yields from corn following soybeans
were higher than yields from corn following corn (Figure 10). Al-

though yield differences were perhaps understandable when little or no

nitrogen fertilizer was applied, these differences might reasonably have

been expected to disappear at high fertilizer rates. Even at high rates,

however, corn yielded about 12 bushels more per acre (8 q/ha) after

soybeans than after corn. Clearly, the amount of available nitrogen was

not the only factor affecting yield.

M. G. Oldham (personal communication) drew a similar conclusion

from the results of research at Urbana's Morrow Plots (Table 6). All

plots in the Oldham study received 320 pounds of nitrogen per acre (360

kg/ha), an amount that should have been more than adequate for the

corn yields obtained. Yet average yields for the study period were 24

bushels per acre higher (15 q/ha) for corn following soybeans than for

continuous corn.

CONTINUOUS CORN VERSUS CORN-CORN-OATS

Another study compared the effects of added nitrogen on yields from
continuous corn and from first- and second-year corn in a three-year
rotation of corn-corn-oats, with clover seeded in the oats (Figure 11).
The greatest yield differences between the two cropping systems occurred

when no fertilizer nitrogen was added. With no added nitrogen, yields
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Table 6. Yields of Continuous Corn

and Corn Following Soybeans,
Morrow Plots, Urbana, Illinois*

Corn yield, bu/A (q/ha)

After corn After soybeans

1969 136 (85) 145 (90)
1971 146 (92) 169(106)
1973 149 (93) 180(113)
1975 161(101) 191(120)
1977 113 (71) 142 (89)

Average 141 (88) 165(103)

The corn crops were fertilized at the rate of 320 pounds of

nitrogen per acre (360 kg/ha).

from first- and second-year rotation corn were 52 and 23 bushels per
acre higher (33 and 14 q/ha) than yields from continuous corn. With 80

pounds of nitrogen added per acre (90 kg/ha), continuous corn yielded

110 bushels per acre (69 q/ha), a mere 1 bushel more than first-year

corn with no added nitrogen. This finding indicates that the extra nitro-

gen supplied by clover to first-year corn, with no other nitrogen added,

was equivalent to about 80 pounds of fertilizer nitrogen. With 160

pounds of nitrogen (180 kg/ha), yields from first- and second-year corn

were 7 and 4 bushels per acre higher (4.4 and 2.5 q/ha) than yields from

continuous corn. Even at 240 pounds of nitrogen per acre (270 kg/ha)
continuous corn still yielded less than rotation corn.

As in the corn-soybean rotation studies, these data suggest that some

plant growth factor other than simple differences in the amounts of avail-

able nitrogen accounts for the yield variations between cropping systems.

Clover seeded in oats obviously provided some nitrogen for the corn

that followed, but not enough to meet the entire nitrogen requirement
of first-year let alone second-year corn. Yields increased 33 bushels per

acre (21 q/ha) when 240 pounds of fertilizer nitrogen was added per

acre. However, the combination of added nitrogen plus a rotation that

included a forage legume led to corn yields higher than those from ro-

tation alone or from continuous corn with added nitrogen. The data

available from this study provided no evidence about nitrate lost from

continuous corn receiving nitrogen fertilizer versus that lost from rota-

tion corn receiving nitrogen from legumes. Deep soil samples from the

plots would surely have been helpful.

Rotation corn must undoubtedly absorb the same quantity of nitro-

gen that continuous corn absorbs if yields are equal. Consequently, the

different sources of nitrogen, that is, initially organic versus inorganic,
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must be evaluated in a rotation experiment. If the organic sources are

mineralized only shortly before plant uptake, then these sources prob-

ably contributed less nitrate to leaching water than did the inorganic

sources. On the other hand, if organic nitrogen mineralized when a crop

was not growing, organic rather than inorganic nitrogen would con-

tribute more nitrate to surface and underground waters.

For economic as well as for environmental reasons, researchers need

to find out what factors besides nitrogen promote high yields in rotation

corn. Having done so, agronomists might by some means other than

rotation be able to duplicate and even augment the favorable effects of

rotation.

Diminishing Returns

When crop yields are plotted against added fertilizer, a diminishing-

returns curve usually emerges. With reference to crops, "diminishing
returns" means that the yield increase from each additional increment of

fertilizer is less than from the previous increment. At high rates yields

no longer increase, and may actually decrease at very high rates.

During the eight-year period from 1968 through 1975, corn grown
at the Hartsburg Agronomy Field in central Illinois was fertilized at

five rates of nitrogen. The rates rose by increments of 60 pounds per
acre to a maximum of 240 pounds (67 and 268 kg/ha). The yields,
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averaged for the eight-year period at each of the five rates, were as

follows :

Nitrogen

Ib/A kg/ha

60

120

180

240

67

134

201

268

Corn yield

bu/A q/ha
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yield increase of 1 bushel (56.67 kg/ha per q corn). This diminishing

yield increase means that the crop recovers little of the added nitrogen

at high rates. With the first 30-pound increment 56 percent of the added

nitrogen was removed from the field in harvested grain, but with the

increment from 180 to 210 pounds only 3 percent was removed. The per-

centage of added nitrogen recovered in the grain is of particular concern

because inorganic nitrogen remaining in the soil may leach. Nitrogen in

organic forms such as unharvested stover will of course not leach im-

mediately, but may do so after it mineralizes and nitrifies.

Data in Table 7 and Figure 12 reflect the estimated cumulative

changes in soil nitrogen for each increment of added nitrogen. These

changes range from 63 to 116 pounds per acre for nitrogen rates of

zero to 240 pounds per acre (71 to 130 kg/ha and to 268 kg/ha,

respectively). A minus value means that the soil contains less nitrogen

after harvest than before planting. The amount of soil nitrogen was not

changed by cropping with 110 pounds of nitrogen (123 kg/ha). These

calculated values ignore nitrogen lost through leaching, denitrification,

volatilization, or erosion. The data suggest some of the risks in using too

little or too much fertilizer nitrogen. With no nitrogen added, current

yields are low, but future yields will be even lower as soil nitrogen is

depleted year after year. On the other hand, with 240 pounds of nitro-

gen applied per acre, yields are high, but 116 pounds of nitrogen per
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acre remains in the soil. Some of this nitrogen may leach and increase

the nitrate content of water draining from the soil.

On the basis of the Hartsburg data, economics alone dictate that it

would be unwise to add more than 180 pounds of nitrogen per acre. This

is the most profitable rate, but 57 pounds (64 kg/ha) is not removed in

grain. Although some of the nitrogen that remains would be in stover, it

would eventually be returned to the soil. With no added nitrogen, the

cost of producing 1 bushel of corn was $2.78; with 180 pounds added

per acre the cost was $1.70. These cost values allowed no profit for the

grower. Failure to apply nitrogen to continuous corn would drastically

raise the per-unit production cost of corn, an increase that would ulti-

mately be passed on to consumers. The economics of nitrogen fertilizer

is discussed in greater detail in Swanson et al. (1973 and 1978).

The Hartsburg data indicate that the potential for nitrogen loss is

greatest when the high nitrogen increments produce little or no yield in-

crease. Excessive rates should be discouraged so as to protect the environ-

ment, conserve energy, and contain production costs. Good management
is the key to minimizing water pollution from nitrogen fertilizer.

UPTAKE AND LOSS OF NITROGEN

Practices Affecting Uptake by Corn

As yields increase, the amount of nitrogen absorbed by plants in-

creases. Any practice that improves yields will therefore improve the

efficiency of a crop's use of a given rate of added nitrogen. Greater

plant uptake of nitrogen means of course that less leachable nitrogen

will remain in the soil after the crop matures. Many factors influence

nitrogen utilization, among them, planting date, plant nutrients other

than nitrogen, uniformity of nitrogen application, soil pH, availability of

water, the variety planted, light, planting rate, temperature, and bio-

logical conditions such as weeds, insects, and diseases. The sections that

follow examine the first three of these factors.

PLANTING DATE

Planting corn early usually increases yields. Research supporting this

conclusion was carried out at Elwood, Illinois, where corn was planted

during the early, mid, and late parts of the planting season from l^/

through 1975 (Figure 13). With nitrogen applied at the rate of 240

pounds per acre, yields from the earliest plantings were an average of 17

bushels per acre higher (11 q/ha) than yields from the second plantings;

yields from the second plantings were 6 bushels higher (4 kg /ha) than
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from the third. On the basis of these differences, the 23 additional

bushels (15 q/ha) of corn from the earliest planting dates should have

left 18 fewer pounds of potentially leachable nitrogen (20 kg/ha) in

each acre of soil than corn from the latest dates.

Even at the 80- and 160-pound (90 and 180 kg/ha) nitrogen rates,

early planting resulted in greater nitrogen utilization than the later plant-

ings, but additional nitrogen applied to the crop allowed the advantages

of early planting to be more fully expressed than at the low rates. Be-

cause the soil in the Elwood study was initially very low in available

nitrogen, date of planting without added nitrogen failed to have any
effect on yield.

NITROGEN AND OTHER NUTRIENTS

When a deficiency in one plant nutrient is removed, other added

nutrients can often be used more efficiently. Data from a study of nitro-

gen and potassium rates at DeKalb, Illinois, illustrate this phenomenon
(Table 8). Without added potassium, corn yields from 240 pounds of

nitrogen per acre (268 kg/ha) rose by only 75 bushels per acre (47

q/ha) over the zero rate, but with 80 pounds of potassium (90 kg/ha)
the increase was 85 bushels (53 q/ha). The higher yield indicates that

more nitrogen was taken up by the crop with added potassium than
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Table 8. Effect of Potassium on Response of Corn fo Nitrogen,

DeKalb, Illinois, 1972, 1973, 7975

K2O rate,
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the yield response to added fertilizer. Conditions similar to a research

situation are inadvertently created by nonuniform distribution. There-

fore, yield response to nonuniform distribution can be predicted from the

results of fertilizer rate studies if the degree of unequal distribution

is known. In the example that follows, data from the first two columns

of Table 7 were used to show how yields from nonuniform distribution

are calculated.

Assume that a rate of 180 pounds of nitrogen per acre (201 kg/ha)
is to be applied uniformly to a 100-acre field (40.5 ha). However, the fer-

tilizer is actually spread so that 50 percent of the field receives 120 pounds

per acre (134 kg/ha) and the other 50 percent 240 pounds (268 kg/ha).
With uniform application the yield would be 15,400 bushels of corn

(3,909 q) for the entire field. With the assumed nonuniform application,

the yield is only 14,850 bushels (3,769 q), a difference of 550 bushels

(139 q). The decreased yield means that 425 additional pounds of nitro-

gen (191 kg) remain in the field and might leach before the next crop-

ping season.

Residual Nitrogen Absorbed by Corn

About 98 percent of the corn grown in Illinois is harvested for the

grain only rather than for silage. Added nitrogen not recovered in grain

may remain in the field as inorganic nitrogen (NO 3
~
or NH4

+
) or as

organic nitrogen in microbial tissue, unharvested stover, and roots. Some
of this unharvested nitrogen may leach or denitrify, but some of it may
be absorbed by future crops. Although this report is concerned primarily

with the nitrogen removed in harvested grain rather than in the entire

above-ground plant, the fate of the unharvested nitrogen is important

for establishing good management practices that minimize water pol-

lution from nitrogen fertilizer. One method for measuring the availabil-

ity of this residual or unused nitrogen to future crops is described in the

sections that follow.

DEKALB STUDY

In the first part of a two-phase study at DeKalb, Illinois, nitrogen was

added annually to corn from 1965 through 1972 (Table 9). The total

amount of nitrogen applied during this eight-year period ranged from

zero to 2,880 pounds per acre (3,240 kg/ha). In the second part of the

study nitrogen applications were completely discontinued on some of the

corn plots after 1972, while other plots received 80 and still others 160

pounds of nitrogen per acre (90 and 180 kg/ha) annually during the

three-year period from 1973 through 1975 (Mulvaney et al, 1976).
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Table 9. Effect of Residual and Currently Applied Fertilizer

Nitrogen on Corn Yields, DeKalb, Illinois

N added 1965- 19

Ib/A/yr
(kg/ha/yr)
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yield indicates that residual nitrogen supplied less than the equivalent of

80 pounds of nitrogen per acre for corn in 1973.

In this study only corn grain was harvested; the stover was returned

to the soil. During the eight-year period, about 960 pounds of nitrogen

per acre (1,075 kg/ha) were removed in grain harvested from the plots

fertilized annually with 360 pounds of nitrogen per acre. Of the added

nitrogen, 1,920 pounds per acre (2,150 kg/ha) should have remained in

the soil 2,880 pounds added minus 960 pounds removed. The 1973

corn yields indicate, however, that less than the equivalent of 80 pounds
of this amount was available as residual nitrogen. These findings suggest

that significant quantities of nitrogen must have been lost by leaching

and denitrification.

With no nitrogen added from 1973 through 1975, residual nitrogen

from the high-nitrogen plots increased corn yields by a total of only 27

bushels per acre (17 q/ha) for the entire three-year period. These 27

bushels contained 21 pounds of nitrogen, or 1.1 percent (21/1,920 X
100) of the residual nitrogen that should have been available, but obvi-

ously was not, after eight years of heavy fertilization. Apparently most

of this nitrogen was lost before 1973. Unlike some Illinois soils, the

Drummer silty clay loam at DeKalb does not seem to store nitrogen well.

The DeKalb data indicate that growers would be unwise to add

higher rates of nitrogen than the current crop can use: little of the un-

used nitrogen seems to stay in the soil for future crops. Phosphorus and

potassium, by contrast, do not readily leach except in sandy soils and

are not lost by processes comparable to denitrification. Nitrogen should

be added annually to minimize losses.

URBANA STUDY

A residual study, somewhat similar to the one at DeKalb, was con-

ducted at Urbana, Illinois, in 1973 (M.G. Oldham, personal communica-

tion). The soil at Urbana is a Drummer silty clay loam much like that at

DeKalb. Some of the Urbana plots fertilized at various nitrogen rates be-

tween 1968 and 1972 had no nitrogen applied for the 1973 crop; other

plots continued to be fertilized at the same rate used during the five

preceding years.

Corn yields indicate that some leftover nitrogen was available from
the earlier applications (Table 10). Residual nitrogen increased yields

30 bushels per acre (19 q/ha) on plots receiving no nitrogen in 1973

but fertilized at the two highest rates (averaged) during the previous
five years. Thirty bushels is not, however, a large increase in view of

the substantial quantities of residual nitrogen that could have been pres-



NITROGEN USE AND BEHAVIOR 33

Table 10. Effect of Residual and Currently

Applied Fertilizer Nitrogen on Corn

Yields, Urbana, Illinois, 1973

N added in 1973

N
/dded

1968-1972, None, Added at
Ib/A/yr (kg/ha/yr) residual 1968-1972

only rates

1973 corn yield, bu/A (q/ha))

59 (37) 59 (37)
80 (90) 50 (31) 119 (75)
160(180) 78 (49) 135 (85)

240(270) 92 (58) 130 (82)

320(360) 86 (54) 144 (90)

ent. Yields from the top-producing, residual-only plots were still 30

bushels per acre less than yields from the plot that received the 80-pound
rate in 1973. The much higher yields from additional nitrogen in 1973

clearly indicate that lack of added nitrogen limited yields on the residual

plots. The Urbana study supports the DeKalb finding that nitrogen can-

not be efficiently stored in the soil for extended periods.

OTHER STUDIES

Unlike the DeKalb and Urbana research, some studies indicate that

the soil may indeed store considerable residual nitrogen that is available

for plant absorption. Corn yields in a 1978 study on Flanagan silt loam

at Urbana were about 150 bushels per acre (94 q/ha) with no nitrogen

added; yields were not increased with added fertilizer nitrogen (un-

published data of R. G. Hoeft and L. F. Welch). In 1976 and 1977 the

Flanagan area grew soybeans with no nitrogen fertilizer applied. It is

not clear why there was so much available nitrogen present in the 1978

study. However, because of better drainage, denitrification is likely to be

less on Flanagan than on Drummer soil.

Westerman and Kurtz (1972) at Urbana found that on Brenton soil

the tops of second-year sorghum-Sudan grass contained 13 to 18 percent

of the residual nitrogen remaining in the soil one year after nitrogen

application and cropping. Uptake of residual nitrogen the second year

equaled 4 to 6 percent of the originally applied nitrogen fertilizer.

Unless present in organic form or as ammonium, nitrogen in the

soil can leach or denitrify. However, the organic matter, or humus, con-

tained in soil does not build up rapidly. Even with rather large ainounts

of newly added plant material, build-up is very slow because most of the
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Table 11. Effect of Time of Application and Nitrogen Rate on Continuous

Corn Yields at Four Locations in Illinois, 1970-1976

Location and time of N application



NITROGEN USE AND BEHAVIOR 35

Table 12. Effect of Time of Application and Nitrogen Rate on Average
Yields for Continuous Corn at Two Illinois Locations, DeKa/b,

7972-7974, and Elwood, 7972-7975

N, Ib/A
(kg/ha)
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Table 13. Yield Increase From Fall-Applied Nifrogen as Percent of

Increase From Spring-Applied Nitrogen at Six Locations in Illinois

N, Ib/A
(kg/ha)
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Table 14. Soybean Yields (Four-Year Averages) as Affected by Nitrogen

Applied to Corn the Preceding Year at Four Illinois Locations

\ applied to
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Table 15. Effect of Nitrogen Rate and Time of

Application on Soybean Yields, Urbana, Illinois

N, Ib/A
(kg/ha)
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not increase soybean yields. A reasonable conclusion seems to be that

the roots and bacteria were performing adequately; otherwise, foliar

application would have led to improved yields.

Spraying did cause some visible damage to the leaves at both the 10-

and the 20-pound nitrogen rates (11 and 22 kg/ha). Most of the dam-

age was noticeable within three days after the first spraying. The smaller

treatment damaged an estimated 5 percent and the larger treatment 13

percent of the upper-leaf area. From this study, as well as from more
extensive research reported elsewhere (Welch, 1977), it appears that

foliar application of nitrogen to soybeans is not promising.

Soybeans characteristically absorb nitrogen from the soil before

drawing on symbiotic fixation as a major source of nitrogen. They are

good scavengers for soil nitrogen that might otherwise leach, but because

fertilizer nitrogen whether directly applied or residual has not increased

soybean yields, adding nitrogen to soybeans in Illinois is an unwise use

of resources. Similarly, legumes such as alfalfa and clovers do not bene-

fit from added nitrogen, as other studies have indicated (Mays, 1974).

CHEMICAL METHODS OF CONSERVING
FERTILIZER NITROGEN

Maintaining nitrogen in a "protected" form until shortly before it is

to be absorbed by plants is desirable for both economic and environ-

mental reasons. In such a form, nitrogen efficiency would undoubtedly

rise and the potential for leaching decline. Several methods that promote
the slow release of nitrogen into the soil solution have been tried with

varying degrees of success (Prasad et al., 1971).

Using compounds of nitrogen that dissolve very slowly in water is

one way to retard leaching. Certain chemical compounds such as oxa-

mides and urea-formaldehydes have proved somewhat effective. Urea

coated with sulfur, thus functioning as a time capsule, has also been

used. Although effective on lawns and golf courses, these slowly soluble

compounds are costly and therefore not usually practical for use on field

crops. Furthermore, field research has shown that in many cases such

compounds fail to conserve nitrogen.

Another approach is to use nitrogen in a water soluble yet "protected"

form and to maintain it in this form until the crop needs it. Ammonium
combined with chemicals designed to inhibit nitrification has been used

for this purpose. The sections that follow discuss the chemical control

of nitrification, ammonium versus nitrate use by corn, and yield trials

with nitrification inhibitors.
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Figure 14. Soil ammonium-nitrogen (NH.I-N) concentrations as affected by
nitrapyrin, nitrogen rate, and number of days elapsed between application of

anhydrous ammonia (NH 3) on November 25 and sampling date.

Nitrification Inhibitors

Bacterial activity converts ammonium to nitrite (NO2~) and then to

nitrate (NO 3~). The function of chemical inhibitors is to slow down
this activity and thereby decrease the rate of nitrification. Tests have

been run on various chemicals to determine their ability in this regard

(Alexander, 1965; Prasad et al., 1971). Preliminary studies of nitra-

pyrin were made in Illinois more than a decade ago (Sabey, 1968).

Nitrapyrin, or 2-chloro-6-(trichloromethyl) pyridine, is marketed under

the trade name N-Serve (Dow Chemical Company, Midland, Michigan).
In subsequent research Hughes and Welch (1970) found that nitra-

pyrin inhibited the nitrification of fall-applied anhydrous ammonia (Fig-
ure 14). Without nitrapyrin essentially all ammonium applied on No-

vember 25 at the rate of 100 pounds per acre (112 kg/ha) had nitrified

by May 15, but with 1 pound of nitrapyrin added per acre about 100

parts per million of the ammonium remained in the sampling zone. Still

more recently Touchton et al. (1978a and 1978b) reported that nitra-

pyrin with anhydrous ammonia and urea inhibited nitrification.

Enough research has been conducted to establish that certain chemi-

cals do delay nitrification. This research does not, however, demonstrate



NITROGEN USE AND BEHAVIOR 41

Table 17. Corn Sfover Yield With Three Rotes

of Potassium and Either Nitrate, Ammonium,
or Ammonium Plus Nitrapyrin,

Greenhouse Study

Grams of
Soil treatment stover

per pot

NOs + 80ppmK.. .27.7
NOs + 160ppmK 26.7
NOs + 320 ppm K 28.3

NH4 + 80 PpmK. . .29.2
NH 4 + 160ppmK 29.7
NH 4 + 320ppmK 34.3

NH4 + nitrapyrin + 80 ppm K 19.2
NH 4 -j- nitrapyrin + 160 ppm K 20.4
NH 4 4- nitrapyrin + 320 ppm K 33 . 5

that they will lead to improved corn yields or to a reduction in the

amount of nitrate leaving fields in drainage water. Nitrogen in the form

of nitrate is not inevitably lost, but may be if soil and climatic conditions

favor leaching and denitrification. Under some circumstances nitrate

will remain in the soil and be available for plant uptake. Only through
field trials can the effect of nitrification inhibitors on nitrogen conserva-

tion and crop yields be shown.

Ammonium Versus Nitrate Use by Corn

Using nitrification inhibitors would be of little practical value if

keeping nitrogen in the ammonium form reduced nitrogen uptake and

hence limited plant growth. In greenhouse studies nitrapyrin and dif-

ferent sources of added nitrogen were used to manipulate the form avail-

able for absorption by corn (Dibb and Welch, 1976). Plants grown with

added ammonium and nitrapyrin absorbed an estimated 95 percent of

their nitrogen as ammonium, but in the preliminary studies the leaves

were damaged and yields decreased.

Tests were also conducted using three rates of potassium combined

with treatments of nitrate, ammonium, or ammonium plus nitrapyrin

(Table 17). In these tests ammonium without nitrapyrin was soon con-

verted to nitrate. At the low levels of potassium (80 and 160 ppm^.
ammonium plus nitrapyrin led to reduced corn stover yields. At tin-

highest level (320 ppm), yields for all three nitrogen treatments were

about the same. For the nitrate and ammonium treatments without nitra-

pyrin, the rate of potassium had no significant effect on plant growth.
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For the amrnonium-nitrapyrin treatment, however, the rate of potassium

made a considerable difference. The findings suggest that keeping nitro-

gen in the ammonium form may have caused the ammonium and the po-

tassium cations to compete for absorption by the corn plants. At the low

levels of potassium, plant growth was retarded, while at the high level

potassium became sufficiently competitive so that the plants' need for

potassium was fulfilled. Corn can apparently be grown with ammonium
as the primary source of nitrogen without growth being adversely af-

fected. However, the nitrogen that is usually absorbed as an anion

(NO 3~) would instead be absorbed as a cation (NH4
+
).

The mobility of ammonium and nitrate in the soil may also be im-

portant in plant absorption; nitrate is classified as mobile and ammonium
as immobile. The reduced mobility of nitrogen kept as ammonium may
prevent adequate amounts of nitrogen from moving to the roots and

thus being in a position to be absorbed. Mobility was not a factor in the

Dibb and Welch greenhouse study, because roots proliferated through-

out the entire soil volume.

Results of this study indicate that corn can effectively use nitrogen

supplied primarily as ammonium. Nitrification inhibitors can thus be

judged on their ability to conserve nitrogen without concern about pos-

sible negative effects on plant nutrition.

Yield Trials With Nitrapyrin

Nitrapyrin clearly delays nitrification and does not hurt plant nu-

trition, but does it actually increase crop yields? Field trials have been

conducted to answer this question. According to research reported by

Swezey and Turner (1962), yields from irrigated cotton, sweet corn,

and sugar beets increased when nitrapyrin was used with several am-

moniacal fertilizers and urea. Research accelerated about the time nitra-

pyrin was approved by the government for certain crops, but results are

not clear-cut because conditions must first favor leaching and denitrifi-

cation before nitrapyrin can affect yields. If winter and spring are very

wet, for example, nitrapyrin will probably improve corn yields. Nitra-

pyrin can also be used to advantage in coarse-textured soils, where

leaching is more common than in fine soils. Also, nitrapyrin may some-

times be indicated for fine-textured soils, which tend to become anaerobic

when waterlogged, a condition that encourages losses following

denitrification.

In one Indiana study, corn yield increases were large when anhy-
drous ammonia plus nitrapyrin was applied in the fall to fine sandy
loam and sandy clay loam soils (Warren et al., 1975). Other studies in
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Indiana showed average increases of 16 bushels per acre (10 q/ha) with

fall application at seventeen locations during four years, and 5 bushels

per acre (3 q/ha) with spring application at twenty-two locations during
two years (Huber et al., 1977). As these findings suggest, nitrapyrin is

more apt to be helpful when added considerably before rapid uptake
rather than at the beginning of the planting season. Nitrapyrin with

both fall- and spring-applied nitrogen also increased wheat yields.

Research results in states other than Indiana have generally not been

promising. Corn yields in a Georgia study did not increase when nitra-

pyrin was added with fall or spring-preplant anhydrous ammonia to

loamy sand (Boswell, 1977). Similar results were obtained in Wisconsin

(Walsh, 1977). It is assumed that nitrapyrin did not appreciably reduce

nitrogen losses when no crop yield increase was obtained.

The following is a summary of nitrapyrin experiments conducted at

several locations in Illinois :

- Inconsistent yield increases with anhydrous ammonia applied in

spring and fall at Belleville in 1970 and 1971 (Kapusta and Varsa,

1972)
No increases with anhydrous ammonia at economically optimal rates

applied during different seasons at Brownstown, Urbana, and DeKalb

in 1975 and 1976 (Touchton et al., 1978c)
Some increases with fall-applied urea at the rate of 60 pounds per

acre (67 kg/ha) in 1976; no increases at economically optimal rates

at Brownstown, Urbana, and DeKalb (Touchton et al., 1978b)

It should be pointed out that soil moisture conditions during 1975

and 1976 at Brownstown, Urbana, and DeKalb were not highly favorable

to nitrogen losses.

Exactly how effective nitrapyrin will prove to be in conserving nitro-

gen and cutting down on nitrate in drainage water will become clearer as

data accumulate from ongoing studies in Illinois and many other states.

Meanwhile, some Illinois growers will continue to use nitrapyrin as a

form of insurance, especially with nitrogen applied in the fall for corn.

LEACHING AND DENITRIFICATION STUDIES

Everyone is directly or indirectly affected when nitrogen applied

to crops is lost before it can do its work effectively. When scientists

learn more about how nitrogen leaches and denitrifies before plants can

use it and what to do to prevent this loss, growers, environmentalists,

and consumers alike will benefit. In the two sections that follow, the

processes involved in leaching and denitrification are examined in greater

detail than in the previous sections of this report.
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Nitrogen Leaching in Soils

The commonly used inorganic nitrogen fertilizers dissolve very easily

in water, a characteristic that is both desirable and undesirable. Its solu-

bility allows nitrogen in the nitrate form to be readily available for plant

uptake but also to be leached from fields in drainage water. Nitrogen
follows water movement; if this movement is upward because of evapo-
ration from the soil surface, the dissolved nitrogen will also rise toward

the surface. On the other hand, if water soaks deep into the soil during

heavy rainfall, nitrogen may be carried beyond the roots. It is then lost

for purposes of plant nutrition and may eventually seep into water sup-

plies for humans and livestock.

From the considerable volume of research on nitrogen leaching, we
know that heavy leaching occurs with excessive rainfall or irrigation;

light leaching occurs with scanty rainfall. Even so, workable equations

expressing the quantitative relationship between rainfall and leaching

have not been developed or applied. Factors other than the amount of

rain also affect leaching, for example, the intensity of the rain, the

amount of water initially in the soil, the water-holding capacity of soils

with different textures and types of clay, the concentration and form of

nitrogen in the soil, and the proportion of rain filtering into the soil to

that leaving the field as surface runoff.

NITROGEN IN TILE DRAINAGE

Early Illinois settlers found millions of nitrogen-rich acres of land,

but the soil in many parts of the state frequently stayed waterlogged
until late in the spring. Because too much moisture as well as too little

can create cropping problems, farmers began to install drain tiles be-

neath their fields as early as the late nineteenth century to drain excess

APRIL MAY APRIL MAY JUNE APRIL MAY JUNE JULY

Figure 15. Flow rate and concentration of nitrate-nitrogen in water from tiles

draining farmers' fields in Champaign County. The dotted line represents the
10-mg/l nitrate-nitrogen standard of the U.S. Public Health Service.



NITROGEN USE AND BEHAVIOR 45

Table 18. Estimates of Nitrate-Nitrogen Leaching
From Soil Through Drain Tiles Into Streams During

Years of Low, Normal, and High Rainfall,

Champaign County, Illinois

NO,
:
N

in tile

water, mg/
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concentration in a low-rainfall year to 21.9 pounds per acre (24.5 kg/ha)
at the highest concentration in a high-rainfall year. At the average con-

centration for all tiles in the study during a year of normal rainfall, 10.8

pounds of nitrate-nitrogen (12.1 kg/ha) will leach from one acre.

Because most drainage systems, particularly the older ones, are not

adequately mapped, tracing the tiles and hence the areas drained by them

is difficult. For this reason the cropping history of the land associated

with various tile lines in the study could not be determined. Neverthe-

less, from what is known about the behavior of nitrogen in the soil,

heavily fertilized fields can be expected to leach more nitrate-nitrogen

through drainage water than those fertilized at a low rate. Data in the

section that follows support this statement.

NITROGEN MOVEMENT WITH CONTINUOUS CORN

In a three-year experiment at Urbana, four rates of fertilizer nitro-

gen, namely, 0, 100, 200, and 400 pounds per acre (0, 112, 224, 448

kg/ha), were applied in the fall to continuous corn (Bombke, 1972).

Following corn harvest, the soil was sampled to a depth of 5 feet (150

cm) to determine the nitrate-nitrogen concentration. As the rate of ap-

plication increased, the nitrate-nitrogen content throughout the soil pro-
file also increased (Figure 16). During the three-year period consider-

able nitrogen had leached from the plow layer to lower depths in this

well-drained soil. At the 100-pound rate applied annually soil nitrogen
increased only slightly, but at 400 pounds the increase was large.

Note that in Figures 16 and 17 nitrate-nitrogen content is expressed



NITROGEN USE AND BEHAVIOR 47

A. ROTATION, SOYBEANS
IN 1972

B. ROTATION, CORN IN 1972 C. CONTINUOUS CORN
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Figure 17. Nitrate-nitrogen in the soil of plots planted to continuous corn
and corn-soybeans in a two-year rotation, Elwood, Illinois. Nitrogen was
added only for corn at the rates indicated. Soil was sampled May 12, 1972.

on a soil basis; on the basis of soil water the values would be higher.

Thus, in a saturated soil presumed to contain 40 percent water, when the

soil content is 10 ppm, the soil water content will be 25 ppm, or 25 mg/1.
These data are not surprising: when far more fertilizer nitrogen is

applied than the corn crop needs, marked leaching can be expected. Al-

though Illinois farmers virtually never apply 400 pounds of nitrogen

per acre, the data dramatize the results of faulty practices such as using

excessive rates.

NITROGEN MOVEMENT WITH CONTINUOUS CORN VERSUS CORN-SOYBEANS

During recent years in Illinois, soybean acreage has been about 75 to

80 percent as great as corn acreage. Corn sometimes follows corn, but in

many areas of the state corn follows soybeans in a two-year rotation. Be-

cause nitrogen is usually added for corn but rarely for soybeans, the land

with continuous corn probably receives twice as much nitrogen as the

rotation land over a period of several years. To determine the distribu-

tion of nitrate in the soil profile for these two cropping systems, plots

were sampled at Elwood, Illinois, where continuous corn and corn-soy-

bean experiments had been conducted since 1965. At the time the soil

was sampled on May 12, 1972, the continuous corn plots and 1971 corn

in the corn-soybean rotation had received no nitrogen since spring of
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1971. Corn-soybean plots on which soybeans were grown in 1971 had

not been fertilized with nitrogen since spring of 1970.

The downward movement of nitrates in plots that had received 320

pounds of nitrogen per acre (360 kg/ha) is striking. More nitrogen

remained in the soil after rotation corn than after continuous corn

(Figure 17B and C). However, the soybean crop that followed corn

reduced the nitrate level throughout the soil profile, even at the highest

rate applied to corn the year before (Figure 17A). The results of these

soil samples are yet another indication that soybeans effectively remove

residual nitrogen that would otherwise leave the field in drainage water.

Soybeans are an especially good scavenger crop when excessively high

rates of nitrogen have been applied to corn. Bombke (1972) presents

more detailed data on nitrogen movement with various nitrogen rates

used at other locations in Illinois.

Denitrification

From the environmental point of view, leaching is a far greater

problem than denitrification. Considered economically, however, denitri-

fication is also troublesome, particularly now that fertilizer nitrogen has

become so costly. Before discussing research related to denitrification,

let us briefly review nitrification and denitrification, two phases of the

nitrogen cycle (Figure 1). Nitrogen in the ammonium form (NH4
+
)

contains no oxygen. Through the process of nitrification oxygen is added

to these forms but only when enough oxygen is present in the soil.

Other forms such as nitrate (NO3~) are already oxidized but may
have the oxygen removed when the supply of oxygen in the soil is

low. During this breakdown of oxidized forms, gases such as NO, N2O,
and N2 are produced and the nitrogen then escapes into the atmosphere.
This breakdown with the subsequent loss of nitrogen is called

denitrification.

Denitrification, which is a bacterial process, occurs more readily

in wet soil than in dry soil. Air and water in an inverse relationship

fill the pores between soil particles; that is, pores filled mostly with water

will contain little air and vice versa. In waterlogged soils, denitrifying

bacteria must get the oxygen they need from oxidized forms of nitrogen.

Soil that is both warm and wet is far more favorable to bacterial activity

and to the rapid loss of nitrogen present as nitrate than soil that is warm
and dry, cold and wet, or cold and dry.

The amount of nitrogen lost by denitrification is difficult to measure

because trapping gaseous nitrogen as it escapes from the soil is a prob-
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lem. Many researchers have measured easily-determined forms of nitro-

gen, but what becomes of the nitrogen not accounted for is a matter

of considerable uncertainty. Owens ( 1960) ,
for example, in a two-year

experiment at Urbana grew corn with 120 pounds of nitrogen per acre

(134 kg/ha) added annually. He then measured the nitrogen that had

been leached, taken up in the corn, and left in the soil. To measure the

amount of nitrogen that leached, he used lysimeters to a depth of 38

inches (96 cm). A lysimeter is a device used to measure the amount of

water that drains through soils and from which soluble constituents

removed in the drainage can be determined. At the end of two years

Owens found that, depending on the water rates, between 5 and 20 per-

cent of the applied nitrogen had leached. About 33 percent, however,

was unaccounted for, and he concluded that it had been denitrified.

Moisture content and soil temperature are only two of many factors

that influence denitrification. The depth at which a natric horizon (a

layer of exchangeable sodium) may be present in the soil is impor-

tant, because layers having a high sodium content impede the downward

movement of water and therefore of dissolved nitrate through the soil.

Water in soil with a shallow natric horizon is temporarily trapped on or

near the soil surface in an environment suitable for the activity of de-

nitrifying bacteria. When the horizon is deep, however, these bacteria

are far less active, so nitrates are more apt to be leached than denitrified.

The relationship between the natric horizon, denitrification, and

leaching was investigated by Gentzsch et al. (1974). Earlier studies had

indicated that water in almost three-fourths of 213 dug wells sampled in

Washington County, Illinois, exceeded the public health standard of

10 mg/1 of nitrate-nitrogen. Gentzsch et al. first measured nitrate-

nitrogen in soil samples, which were classified by depth to the natric

horizon and by the presence or absence of an identifiable animal or fer-

tilizer source of nitrogen. Soils receiving less than 71 pounds of fer-

tilizer nitrogen per acre (80 kg/ha) were not considered as having a

fertilizer source. All soils were poorly drained.

In this phase of their investigation Gentzsch et al. were primarily

concerned with the nitrate concentration in soils below a depth of 3 feet

(90 cm) and in water at the depth of the water table. They found that

soils having an intermediate, deep, or no natric horizon contained about

seven times more nitrate with a fertilizer source of nitrogen than with

no source; those with an animal source contained three to four times

more nitrate than soils with a fertilizer source. Water sampled from

soils having intermediate to deep natric horizons contained an average

of 4.4 mg/1 of nitrate-nitrogen with no identifiable source of nitrogen
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Table 19. Influence of Natric Horizon and Nitrogen Source on

Nitrate-Nitrogen Confent of Wafer Sampled From Water Table

Depth of

natric horizon
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100 i OVEN-DRIED CRUSHED

Figure 18. Denitrification as
influenced by the physical
preparation of soil samples
and incubation period. All soil

samples were taken from the

upper soil horizon and were
waterlogged during incuba-
tion.

INCUBATION PERIOD, DAYS

Field-moist intact cores taken from the upper horizon lost about 34

percent of the fertilizer nitrogen through denitrification; oven-dried in-

tact or crushed cores from the upper horizon lost 90 percent (Figure

18). No denitrification occurred in field-moist intact cores from below

12 inches (30 cm), but those from the lower horizons lost 33 to 66 per-

cent of the fertilizer nitrogen when intact or crushed cores were oven

dried. During the 32-day period the maximum daily rate of denitrifica-

tion in field-moist intact cores taken from the surface was 3.6 percent

of the added nitrogen, or about one-third the rate observed in oven-dried

intact cores and one-ninth that in oven-dried crushed cores.

The organic matter in soil provides the energy that denitrifying

bacteria need to be active. Drying and crushing the samples before in-

cubation apparently increased the available supply of energy, because

more nitrogen denitrified from these samples than from the field-moist

intact cores. The data indicate that denitrification from field-moist intact

cores occurred primarily in samples from the surface horizon, where

organic matter is usually more abundant than in deeper horizons. Once

nitrogen has leached below the rooting depth of plants, it is preferred

that it be denitrified rather than drain from the field into streams or enter

underground water supplies. The study indicates that nitrogen leached

from the surface horizon of Drummer silty clay is no longer easily

denitrified.
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In another experiment denitrification and leaching were studied

under field conditions from June 6, 1973, to April 24, 1974 (McKenzie,

1975). On June 6 about 100 pounds of nitrate-nitrogen per acre (112

kg/ha) and chloride were added to field plots, which were then left

fallow throughout the study. At the same concentration on a chemi-

cally equivalent basis, nitrate and chloride were assumed to leach at the

same rate. Because chloride does not denitrify, the difference between

the amounts of leached nitrate and chloride represents the amount of

nitrate lost by denitrification.

Calculations showed that with Drummer soil more than 50 percent of

the fertilizer nitrogen had been lost through denitrification primarily

during the first 51 days of the experiment. Denitrification occurred in the

upper 14 inches (35 cm) of soil. Only about 5 percent of the nitrogen

had leached deeper than 56 inches (142 cm) between June 6 and Novem-

ber 6. By April 24, however, nearly all of the nitrogen remaining on

November 6 had leached below 56 inches. If the land used in this study

had been cropped to corn rather than left fallow, less nitrogen would

undoubtedly have been lost because much of it would have been ab-

sorbed by the corn. The corn would also have taken up water from the

soil, thereby reducing the leaching potential and creating aerobic con-

ditions that inhibit denitrification.

SUMMARY

Most plants absorb more nitrogen than any other nutrient. Because

the amount needed is so large and can easily be lost from many soils,

nitrogen is usually the most limiting nutrient for plant growth. Although
about 79 percent of the atmosphere is nitrogen, only nitrogen-fixing

plants such as legumes with their associated bacteria are able to use this

abundant source. The nonleguminous grain crops must receive supple-

mental nitrogen to produce satisfactory yields. Until the last few decades

the supply of available nitrogen in the soil was increased primarily by

legumes and manure. These sources should be used when economically

feasible, but many important grain-producing areas of the world must

now rely on commercial fertilizer nitrogen.
For economic reasons researchers and growers have been interested

for many years in improving yields from each unit of nitrogen. Re-

cently, however, the efficient use of nitrogen has become an environ-

mental issue as well, because high nitrate concentrations in water may be

harmful to humans, especially infants, and to livestock. If plants absorb

more of the added fertilizer nitrogen, then less is likely to leach from

fields into drinking water. Improving nitrogen efficiency has also become



NITROGEN USE AND BEHAVIOR 53

crucial in order to conserve dwindling supplies of natural gas, which is

used in large quantities to manufacture nitrogen fertilizers.

In Illinois in 1950 only about 8 percent of the nitrogen removed in

harvested grain was supplied by commercial nitrogen fertilizer. Soon

after 1950, however, the use of commercial nitrogen began to soar. In

1964 more nitrogen was added for corn than was removed by the grain,

a trend that continues to the present. Much of this unabsorbed nitrogen

can leach or denitrify.

The relation between crop yield and rate of added nitrogen follows

the law of diminishing returns. Results of an eight-year study at Harts-

burg indicated that the first 30-pound-per-acre (34 kg/ha) increment

of nitrogen increased corn yields 21 bushels per acre (13.2 q/ha), but

the increment from 180 to 210 pounds (201 to 235 kg/ha) increased the

yield only 1 bushel per acre (0.6 q/ha). Nitrogen recovered in the

harvested grain was 56 percent for the first increments but only 3 per-

cent for the latter. Less than 1 pound of the latter increment was har-

vested; 29 pounds remained in the stover and soil or was lost by leach-

ing and denitrification. Thus the potential for high nitrate levels in

drainage water is much greater at high than at low nitrogen rates.

When nitrogen is not taken up by plants the same year it is applied,

most of it is unavailable for future crops, according to research findings

at Urbana and DeKalb. Although as much as 2,880 pounds per acre

(3,240 kg/ha) had been applied to the DeKalb plots during an eight-year

period, the residual nitrogen was less effective in increasing ninth-year

corn yields than 80 pounds (90 kg/ha) applied during the ninth year to

previously unfertilized plots. Residual nitrogen also produced low yield

increases on Urbana plots that had received 320 pounds of nitrogen

per acre (360 kg/ha) during each of five preceding years. Much of the

nitrogen left over after plant uptake undoubtedly leached or denitrified.

Good management practices contribute directly to the efficiency of

nitrogen fertilizer. An early corn planting date, for example, and an

adequate level of other nutrients enhance nitrogen uptake. Spring rather

than fall application is more efficient because nitrogen is apparently lost

between fall and spring.

In related research, water from tiles draining growers' fields was

analyzed for nitrate during a three-year period. The water from some

tiles exceeded the public health standard of 10 mg/1; other tiles were

well below this limit. The nitrate-nitrogen concentration averaged for

all tiles in the study was 10 mg/1.
Soil samples collected during studies of nitrogen rates indicate that

nitrogen movement into the subsoil occurs with high rates of applied
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fertilizer nitrogen. The rates commonly used by growers do not, how-

ever, lead to excessively high levels of unused nitrogen.

A corn-soybean rotation effectively cuts down the amount of nitrate

leaching into the subsoil because soybeans serve as scavengers for re-

sidual nitrogen. Research at Elwood has shown that continuous corn

plots contained more nitrate in the spring than did plots planted to soy-

beans the previous year in a corn-soybean rotation. As a result of this

rotation, which is widely used in Illinois, the amount of fertilizer nitro-

gen applied to rotation fields during two years is only half the amount

added to continuous corn fields for the same period.

Nitrogen is far less apt to leach in the ammonium form than in the

nitrate form. Chemicals that inhibit the bacterial conversion (nitrifica-

tion) of ammonium to nitrate have now been made available to help

keep nitrogen in its less leachable form. Although nitrification inhibitors

unquestionably slow down nitrification, they do not necessarily lead to

corn yield increases. A few researchers have reported yield increases, but

researchers in Illinois and other states have found that yields are

often unaffected by the use of inhibitors.
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METRIC CONVERSION CHART

Both English and metric units are used throughout this bulletin. Con-

versions for some measurements commonly used in the report are

given below. For simplicity, many metric equivalents in the text,

tables, and figures have been rounded.

English Metric

1 inch, in 2.54 centimeters, cm

1 acre, A 0.40 hectare, ha

1 pound, Ib 0.45 kilogram, kg

1 short ton 0.91 metric ton

1 pound per acre, Ib/A 1.12 kilograms per hectare, kg/ha

1 bushel per acre, bu/A:

Corn (56 Ib) 0.63 quintal* per hectare, q/ha

Soybeans (60 Ib) 0.67 quintal per hectare

Wheat (60 Ib) 0.67 quintal per hectare

*
1 quintal = 100 kilograms.
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